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The protonated [M 1 H]1 ions of glycine, simple glycine containing peptides, and other
simple di- and tripeptides react with acetone in the gas phase to yield [M 1 H 1 (CH3)2CO]
1
adduct ions, some of which fragment via water loss to give [M 1 H 1 (CH3)2CO 2 H2O]
1
Schiff’s base adducts. Formation of the [M 1 H 1 (CH3)2CO]
1 adduct ions is dependent on
the difference in proton affinities between the peptide M and acetone, while formation of the
[M 1 H 1 (CH3)2CO 2 H2O]
1 Schiff’s base adducts is dependent on the ability of the peptide
to act as an intramolecular proton “shuttle.” The structure and mechanisms for the formation
of these Schiff’s base adducts have been examined via the use of collision-induced dissociation
tandem mass spectrometry (CID MS/MS), isotopic labeling [using (CD3)2CO] and by com-
parison with the reactions of Schiff’s base adducts formed in solution. CID MS/MS of these
adducts yield primarily N-terminally directed a- and b-type “sequence” ions. Potential
structures of the b1 ion, not usually observed in the product ion spectra of protonated peptide
ions, were examined using ab initio calculations. A cyclic 5 membered pyrrolinone, formed by
a neighboring group participation reaction from an enamine precursor, was predicted to be the
primary product. (J Am Soc Mass Spectrom 2000, 11, 244–256) © 2000 American Society for
Mass Spectrometry
The use of chemical reagents to probe the primarysequences of peptides, proteins, and oligonucle-otides as well as the tertiary structures of pro-
teins, or to manipulate the reactivity of biological mol-
ecules such as proteins and DNA continues to play an
important role. Apart from the classical reagents used
in the N-terminal Edman degradation reaction for the
sequence analysis of peptides and proteins [1] and the
Maxam and Gilbert method for DNA sequencing [2],
recent attention has focused on the development of
reagents to tackle a range of problems including: C-
terminal peptide and protein sequencing [3]; cleavage
of peptides and proteins at specific residues [4]; probing
the surface topology of proteins [5]; and footprinting of
protein–protein and protein–DNA interactions [6].
Chemical reagents have also been used extensively
in conjunction with mass spectrometry based methods.
Prior to the advent of modern ionization methods such
as matrix-assisted laser desorption/ionization (MALDI)
[7] and electrospray ionization (ESI) [8], the major focus
was on making derivatives which were volatile enough
for mass spectrometry analysis via electron impact
ionization [9]. Recently however, attention has been
directed towards the use of chemical reactions, often in
conjunction with collision-induced dissociation (CID)
based tandem mass spectrometric (MS/MS) methods,
to gain structural information. This attention has pri-
marily been in three areas, each of which is detailed
below.
The first probes the reactivity of specific sites within
a protein (for example, amino acid side chains on the
surface of the molecule). The reactions of proteins with
ketones in solution to form Schiff’s base adducts [10]
has been exploited in this manner in determining the
number of amines present in the protein.
The second involves generating sequence ladders via
either nonspecific partial cleavage of each of the amide
bonds or by cleavage at specific residues within a
peptide or protein. Examples include the use of partial
acid hydrolysis [11], and the use of manual Edman type
sequencing reactions that produce a set of N-terminally
truncated peptides (i.e., “ladder sequencing”) [12].
The third utilizes specific derivatization reactions
(e.g., acetylation, methyl esterification, alkylation) to
aid in the interpretation of CID MS/MS spectra. Nota-
ble examples include the elegant use of N-terminal
thioamide derivatives to direct fragmentation at the
N-terminal amino acid residue of peptides [13] or the
introduction of N-terminal fixed charge or basic deriv-
atives that, under high or low energy CID conditions,
respectively, results in the formation of N-terminally
directed a- and b-type product ion series [14]. A recent
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extension of this methodology has been the use of
N-terminal bromo nicotinic acid derivatives that, under
low energy CID conditions, allows the rapid identifica-
tion of the resultant N-terminal b-type series ions from
their characteristic 79Br and 81Br isotopic doublet peaks
[15].
Note that each of the three approaches described
above can suffer from limitations typical to the appli-
cation of solution phase methods to high sensitivity
structural analysis techniques (i.e., the necessity to
manipulate and purify minute quantities of reaction
products in solution). We have been intrigued by the
possibility of using gas phase chemical reagents to gain
structural information via ion–molecule reactions [16],
thus overcoming the above mentioned solution phase
chemistry limitations. Gas phase ion–molecule reac-
tions are attractive as structural probes for several
reasons.
First, they offer such a huge scope (the combination
of different types of ions and neutrals is limitless). Thus
the reagent can be either a neutral or charged (anion or
cation) species. Similarly, the reactive form of the bi-
omolecule can either be a neutral species (designated as
M) or an ion containing one or more positive or
negative charges (designated as [M 1 nH]n1 and [M 2
nH]n2, respectively).
Second, they can be applied in conjunction with
(either before or after) CID methods, thus providing a
powerful combination for gas phase structure and re-
activity determination. For example, we have recently
demonstrated that gas phase ion–molecule H/D ex-
change reactions of mass selected proton bound amino
acid and peptide dimer cluster ions followed by CID
can be used to determine the extent of exchange within
individual components of the cluster [17]. Alternatively,
we have used gas phase ion–molecule H/D exchange
reactions after CID to probe the structures of product
ions resulting from MS/MS of the [M 1 H]1 ions of
simple peptides [18].
Third, they are inherently gentler than CID methods
(which involve “heating up” the ion to induce fragmen-
tation) and thus may prove to be more useful probes of
higher order (i.e., secondary and tertiary) structures of
biomolecules.
Finally, they can often be applied on a wide range of
existing mass spectrometers with little or no modifica-
tion, thereby obviating the need to invest in new
instrumentation.
Of the various gas phase ion–molecule chemical
reagents used to date, the most widely studied have
been acids (or bases) to induce proton transfer reactions
[19], and deuterium labeled reagents to induce H/D
exchange [20]. The development of other ion–molecule
reactions which are either highly specific (i.e., can the
N-terminus, C-terminus, or specific residues within a
peptide be selectively tagged or derivatized?), or ran-
dom in their site of reactivity (thus forming derivatives
that following CID, results in the cleavage of each
peptide bond to generate complete sequence informa-
tion) would be of interest given the potential for obtain-
ing significantly more structural information than that
obtained by CID alone.
Some recent studies have directly addressed some of
these issues. For example, the reaction between the
[M 1 H]1 ions of simple peptides with 2,5-hexanedi-
one results in the formation of N-terminal pyrole deriv-
atives [21]. The proposed mechanism for this reaction is
shown in Scheme 1. The ion–molecule reaction between
a multiply charged protein and hydroiodic acid has
been used to “count” the remaining basic residues in
the [M 1 nH]n1 ions of proteins (this is a remarkable
Scheme 1
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reaction because it does not appear to directly involve
the charge site) [22]. The reaction of the methoxymethyl
cation (CH3OCH2
1) with neutral N-acetyl-peptides has
been shown to cleave peptide bonds in a specific
fashion [23]. The [M 2 nH]n2 anions of oligonucleo-
tides have been shown to react with (CH3)3SiCl via a
derivatization reaction to form [M 2 nH 1
(CH3)3Si]
(n21)2 anions [24] where the site of modifica-
tion is the phosphate group. Subsequent CID of the
resultant [M 2 nH 1 (CH3)3Si]
(n21)2 anions has been
used to generate sequence information.
We were attracted to the use of gas phase reactions
between protonated peptides with monofunctional ke-
tones such as acetone as potential probes of structure
for the following reasons: (i) Nibbering’s work on
hexane-2,5-dione suggests that N-terminal immonium
ions can be formed (see Scheme 1) [21]; (ii) adducts
between ketones and simple amines have been ob-
served previously under chemical ionization MS/MS
conditions [25]; and (iii) comparisons between the gas
phase reactions and Schiff’s base formation in solution
[26] (Scheme 2) can be made. With regard to the latter
point, the reactions of aldehydes and ketones with
peptides under acid [27] and base catalyzed conditions
[28] have been extensively studied. The resultant immo-
nium ion (illustrated for glycyl-glycine in eqs 1 and 2) is
able to react with nucleophiles intermolecularly (e.g.,
reduction with NaBH4 [27a, 29] as shown in eq 1
resulting in an N-alkylated product), or intramolecu-
larly (i.e., with the neighboring amide nitrogen as
shown in eq 2 to form an imidazolidinone [27, 28]). The
latter reaction is reversible [27a, b].
In this paper we describe the gas phase reactions
between the [M 1 H]1 ions of simple peptides with
acetone and D6-acetone [(CD3)2CO], using a combina-
tion of ion–molecule reactions and MS/MS techniques
in an ion trap mass spectrometer.
Experimental
Materials
The glycine oligomers, Gn (n 5 1– 4), alanylalanine
(AA), and alanylalanylalanine (A3) were purchased
from Sigma (St. Louis, MI) and used without further
purification. Glycylalanine (GA) and alanylglycine
(AG) were obtained from Fluka (Buchs, Switzerland).
Glycylcysteine (GC), cysteinylglycine (CG), glycylgly-
cylcysteine (GGC), glycylcysteinylglycine (GCG), and
cysteinylglycylglycine (CGG) were available from pre-
vious studies [30]. Acetone and CH3OH were pur-
chased from Ajax (Auburn NSW, Australia). D6-acetone
(D, 99.9%) was from Cambridge Isotope Laboratories
(Andover, MA). Glacial acetic acid (Analar grade) was
obtained from BDH Laboratories (Poole, England).
Scheme 2
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Mass Spectrometric Methods
All experiments were performed using a commercially
available quadrupole ion trap mass spectrometer
(Finnigan-MAT model LCQ, San Jose, CA) equipped
with ESI and modified as previously described [17, 18],
to allow the introduction of neutral reagents via the
helium background gas inlet line. Briefly, the helium
line was replaced with a dual 3-way valve split flow
system, externally regulated at 3 lb/in.2 where, under
normal operating conditions, one arm of the split ran
directly to the fused silica restriction capillary within
the instrument. This allowed a flow of approximately 1
mL/min of helium to enter the trap, in accordance with
the manufacturers specifications. For ion–molecule re-
actions, the second arm of the split was employed to
allow the introduction of the neutral reagent into the
helium gas flow. For the experiments described, the
neutral ketone reagent was introduced into the gas
stream via a syringe drive, through a gas tight septum
at a flow of 5 mL/min. Approximately 99.9% of the gas
flow was then diverted to waste via a flowmeter, while
approximately 0.1% was allowed into the ion trap at a
flow rate of approximately 1 mL/min. The gas pressure
was maintained at 3 lb/in.2 throughout.
The amino acid and peptide samples (0.1 mg/mL),
dissolved in 1:1 CH3OH/H2O containing 1.0% acetic
acid, were introduced to the mass spectrometer at 2.5
mL/min via electrospray ionization. Solution phase
Schiff’s base adducts were prepared by dissolving the
amino acid or peptide in 60:40 CH3OH/(CH3)2CO and
reacting for 4 h at room temperature prior to introduc-
tion to the mass spectrometer. The ESI conditions,
(spray voltage, 5–6 kV, capillary temperature, 200 °C,
nitrogen sheath gas pressure, 30 lb/in.2, capillary volt-
age, 0 V, tube lens offset voltage, 0 V), were optimized
to maximize the signal of the [M 1 H]1 ions. Ion–
molecule and CID experiments were performed utiliz-
ing the advanced scan functions of the LCQ instrument.
Ions were accumulated for a fixed period of 0.1 s to
maintain a constant reaction time. Precursor ions were
mass selected using a 2.5 u isolation window and
allowed to react with neutrals inside the trap for up to
10 s. Product ions corresponding to covalently linked
complexes, resulting from the reaction between the
[M 1 H]1 ion and a neutral, with the loss of water, or
noncovalently associated ion–molecule complexes were
isolated (using a 5 or 10 u window, respectively), and
subjected to CID.
Computational Methods
Structures of the potential b1 product ions were opti-
mized using ab initio gradient techniques at the Har-
tree–Fock (HF) level of theory, performed using gaus-
sian 94 [31] with the standard 6-31G* basis set [32]. All
optimized structures were then subjected to vibrational
frequency analysis to determine the nature of the sta-
tionary points, followed by a single point energy calcu-
lation of the correlated energy at the MP2(fc)/6-31G*
level of theory (fc 5 frozen core). Energies were cor-
rected for zero-point vibrations scaled by 0.9135 [33].
Results and Discussion
Gas Phase Ion–Molecule Reactions of Protonated
Peptides with Ketones
The [M 1 H]1 ions of amino acids and peptides gener-
ated by ESI were mass selected and allowed to react
with acetone for up to 10 s. Two general types of
reaction product were observed. Thus the [M 1 H]1
ions reacted with acetone to form collisionally stabi-
lized adduct ions (eq 3), and in some instances, product
ions due to the loss of water from these adducts (eq 4)
Table 1. Gas phase ion–molecule reactions of protonated amino acids and peptides with ketones
Peptide [M 1 H]1 ion
(m/z)
Proton affinitya
(kcal mol21)
Products of reaction with (CH3)2CO
m/z (% relative abundance)
[M 1 H]1 [M 1 H 1 (CH3)2CO]
1 [M 1 H 1 (CH3)2CO 2 H2O]
1
G (76) 213.5b — 134 (100) —
G2 (133) 223.6b 133 (1) 191 (100) 173 (23)
G3 (190) 227.2b 190 (3) — 230 (100)
G4 (247) 233.3b 247 (100) — —
GA (147) 224.5c 147 (3) 205 (100) 187 (26)
AG (147) 225.5c 147 (5) 205 (100) 187 (2)
AA (161) 226.3c 161 (9) 219 (100) 201 (3)
AAA (232) ND 232 (100) — 272 (6)
GC (179) ND 179 (3) 237 (100) 219 (25)
CG (179) ND 179 (24) 237 (100) 219 (1)
GGC (236) ND 236 (14) — 276 (100)
GCG (236) ND 236 (10) — 276 (100)
CGG (236) ND 236 (100) — 276 (2)
aProton affinity of acetone (194 kcal mol21) taken from [36a]; ND 5 no data available.
bProton affinity of the amino acid or peptides taken from [38a].
cProton affinity of peptides taken from [38b].
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(see Table 1). The reactions of the [M 1 H]1 ions of the
glycine oligomers Gn (where G 5 glycine residue and
n 5 number of residues) with acetone for 10 s are
illustrative of these modes of reactivity. From the data
given in Table 1, the following trends emerge: (i) G, G2,
and G3 all form adduct ions with acetone (eq 3); (ii) G2
and G3 both also form abundant product ions due to the
loss of water from the adduct (eq 4); and (iii) under the
experimental conditions used here, G4 is unreactive.
A comparison of the proton affinities of each of the
glycine and glycine containing peptides compared to
that of acetone (see Table 1) suggests that the formation
of the [M 1 H 1 (CH3)2CO]
1 adduct ions are depen-
dent on the proton affinity of the peptide M. Note that
peptides with high proton affinities relative to acetone,
such as G4, do not yield [M 1 H 1 (CH3)2CO]
1 ad-
ducts:
He
[M 1 H 1 (CH3)2CO]
1 (3)
[M 1 H]1 1 (CH3)2CO
[M 1 H 1 (CH3)2CO 2 H2O]
1 (4)
Isolation and subsequent CID of the noncovalent com-
plexes formed between the [M 1 H]1 ions and acetone
resulted in regeneration of the precursor [M 1 H]1 ion.
Isolation and further reaction of the [M 1 H 1
(CH3)2CO]
1 ions with acetone for up to 10 s resulted in
either the loss of H2O to form [M 1 H 1 (CH3)2CO 2
H2O]
1 ions, or no change as per the results observed in
Table 1 for the reaction of acetone with each of the [M 1
H]1 precursors.
In order to probe the mechanism for the formation of
the [M 1 H 1 (CH3)2CO 2 H2O]
1 ions, we have car-
ried out a series of reactions. First, we have allowed the
[M 1 H]1 ions of G2 and G3 to react with D6 acetone
(Figure 1A, B) for 10 s. The exclusive loss of H2O (m/z
179 and 236 in Figure 1A, B, respectively), with no
involvement of the deuteriums implies that the two
hydrogens must arise from the protonated peptide and
not the acetone moiety, and that the mechanism must
thus proceed via the involvement of “mobile protons”
[34]. Thus, the formation of the [M 1 H 1 (CH3)2CO 2
H2O]
1 adducts seems to be dependent on the ability of
the peptide to act as an intramolecular proton “shuttle,”
thus facilitating the loss of water from the acetone
moiety (Note that glycine does not yield any [M 1 H 1
(CH3)2CO 2 H2O]
1 product ion upon reaction with
acetone for 10 s, whereas G2 and G3 show increasing
amount of water loss with increasing peptide length)
(see Table 1).
Second, the [M 1 Na]1 ion of G3 was allowed to
react with acetone (Figure 2). The [M 1 Na]1 ion of G3
forms no [M 1 Na 1 (CH3)2CO 2 H2O]
1 ion, which is
indicative of a lack of “mobile protons.” Recent work by
Bowers [35] suggests that the [M 1 Na]1 ion of G3 has
a charge solvated structure (C), which would be ex-
pected to lack a mobile proton (the N terminal amino
group is not charged!). Each of the results are consistent
with the mechanism shown in Scheme 3 for the forma-
tion of a protonated immonium ion adduct.
Perhaps the most persuasive piece of evidence for
the mechanism proposed in Scheme 3 comes from the
identical nature of the MS/MS spectra of the [M 1 H 1
(CH3)2CO 2 H2O]
1 ions of G2 (Figure 3A) and G3
(Table 2) compared to the MS/MS spectra of the [M 1
H]1 ions of the solution phase Schiff’s base adducts
Figure 1. Gas phase ion–molecule reactions of D6-acetone for
10 s with the [M 1 H]1 ions of (A) G2 (m/z 133) and (B) G3 (m/z
190).
Figure 2. Gas phase ion–molecule reactions of acetone for 10 s
with the [M 1 Na]1 ion of G3 (m/z 212).
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(strictly speaking, the term Schiff’s base corresponds to
a neutral imine, whereas in this paper we are dealing
with the protonated form, i.e., an immonium ion) of G2
(Figure 3B) and G3 (Table 2) where the sequence ions b2,
a2, y1, b1, and a1 for G2 and b3, y2, b2, a2, and b1 for G3
were all observed, each with the addition of 40 Da (the
mechanisms for the fragmentation reactions are dis-
cussed in detail in the next section). In summary,
although the gas phase (Scheme 3) and solution phase
(Scheme 2) mechanisms may differ [in solution the
proton transfers from (A) to (B) are likely to be inter-
molecular processes mediated by the solvent, whereas
the gas phase proton transfer from (D) to (E) is likely to
be an intramolecular process], the final products are
identical.
Comparison of the MS/MS Fragmentation
Reactions of [M 1 H]1 Ions of Peptides with
Their [M 1 H 1 (CH3)2CO 2 H2O]
1
Derivatives
In the preceding section it was observed that the
MS/MS spectra of the [M 1 H 1 (CH3)2CO 2 H2O]
1
ions of G2 and G3 formed in the gas phase are identical
to those of the [M 1 H]1 ions of the solution phase
generated acetone Schiff’s base of G2 and G3. In contrast
to these results, the types of CID product ions observed
in the MS/MS spectra of the [M 1 H]1 ions of G2 and
G3 are substantially different to those observed in the
MS/MS spectra of the gas and solution phase Schiff’s
base adduct [M 1 H 1 (CH3)2CO 2 H2O]
1 ions.
Whereas the [M 1 H]1 ions of G2 and G3 yield y1 and
b2 ions as the major product ions, respectively (seeScheme 3
Structure C
Figure 3. MS/MS spectra of (A) the [M 1 H 1 (CH3)2CO 2
H2O]
1 ion of G2 formed via the gas phase reaction of the [M 1
H]1 ion with acetone and (B) the [M 1 H]1 ion of the Schiff’s base
of G2 formed via the solution phase reaction.
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Table 2), the [M 1 H 1 (CH3)2CO 2 H2O]
1 ions of G2
and G3 are characterized by b- and a-type product ion
series as outlined above. Clearly the conversion of the
N-terminal to an immonium directs the fragmentation
toward the formation of N-terminal product ions. Thus,
we were interested in determining the structures and
mechanisms behind the fragmentation reactions of
these adducts.
Note that fragmentation of the [M 1 H 1
(CH3)2CO 2 H2O]
1 ion to yield sequence ions requires
that a proton from the resulting immonium ion be able
to migrate to the site of bond cleavage (if fragmentation
occurs via the so called “mobile proton” model [34]).
What is known about the reactivity of immonium ions
with respect to deprotonation in the gas phase? Taking
the immonium ion shown in Scheme 4 as a model,
deprotonation can occur at both carbon (path A) and
nitrogen (path B). Both pathways are thermodynami-
cally viable, with the pathway resulting in the forma-
tion of an imine (path B) only slightly favored (by 2.3
kcal mol21) over that resulting in formation of an
enamine (path A) [36]. Thus, it should be possible for
intramolecular proton transfer from either carbon or
nitrogen to occur to initiate peptide bond cleavage.
Indeed this must be the case, as shown for the
MS/MS of the [M 1 H 1 (CD3)2CO 2 H2O]
1 ions of
G2 and G3 (Figure 4A, B). As can be seen, multiple
scrambling, via intramolecular proton/deuteron trans-
fer mechanisms occurs in the formation of the sequence
ions. This implies that transfer of D1 from the carbon is
reversible and that the imine initially formed is able, via
mobilization of the ionizing proton, to form the enam-
ine. This is illustrated in Scheme 5 for the formation of
the b2 ion from the [M 1 H 1 (CH3)2CO 2 H2O]
1 ions
of G3.
The formation of yn21 sequence ions with the addi-
Table 2. MS/MS spectra of selected peptide ions
Peptide Ion (m/z) MS/MS productsa,b m/z (sequence ion or neutral loss), % abundance
G2 [M 1 H]
1 (133) 115, (2H2O), 21; 105, (2CO), 28; 88, (2NH3, 2CO), 23; 76, (y1), 100
[M 1 H 1 (CH3)2CO 2 H2O]
1 (173)c,d 155, (2H2O), 3; 127, (a*2), 100; 116, (y*1), 41; 98, (b*1), 5; 70, (a*1), 53
[M 1 H 1 (CH3)2CO 2 H2O]
1 (173)e 155, (2H2O), 10; 127, (a*2), 100; 116, (y*1), 42; 98, (b*1), 13; 70, (a*1), 37
G3 [M 1 H]
1 (190) 172, (2H2O), 4; 145, (2NH3, CO), 1; 133, (y1), 1; 115, (b2), 100; 87, (a2), 2
[M 1 H 1 (CH3)2CO 2 H2O]
1 (230)d 212, (2H2O), 7; 173, (y*2), 14; 155, (b*2), 100; 127, (a*2), 20; 98, (b*1), 5
[M 1 H 1 (CH3)2CO 2 H2O]
1 (230)e 212, (2H2O), 5; 173, (y*2), 12; 155, (b*2), 100; 127, (a*2), 9; 98, (b*1), 4
GA [M 1 H]1 (147) 129, (2H2O), 100; 119, (2CO), 4; 101, (a2), 35; 90, (y1), 84
[M 1 H 1 (CH3)2CO 2 H2O]
1 (187)d 169, (2H2O), 3; 141, (a*2), 100; 130, (y*1), 1; 116, [2NHCH(CH3)CO], 13; 98,
[2NHCH(CH3)CO, 2H2O], 4; 70, (b*1), 11
[M 1 H 1 (CH3)2CO 2 H2O]
1 (187)e 169, (2H2O), 3; 141, (a*2), 100; 130, (y*1), 1; 116, [2NHCH(CH3)CO], 5; 98,
[2NHCH(CH3)CO, 2H2O], 2; 70, (b*1), 5
A3 [M 1 H]
1 (232) 214, (2H2O), 3; 187, (2NH3, 2CO), 1; 161, (y2), 1; 143, (b2), 100; 115(a2) 1; 90,
(y1), 1
[M 1 H 1 (CH3)2CO 2 H2O]
1 (272)d 254, (2H2O), 1; 237, (2NH3, 2CO), 1; 201, (y*2), 3; 183, (b*2), 100; 155(a*2) 13
[M 1 H 1 (CH3)2CO 2 H2O]
1 (272)e 254, (2H2O), 4; 201, (y*2), 3; 183, (b*2), 100; 155(a*2) 9; 112 (b*1) 1
GC [M 1 H]1 (179) 161, (2H2O), 100; 133, (a2) 1; 122, (y1), 1
[M 1 H 1 (CH3)2CO 2 H2O]
1 (219)d 201, (2H2O), 100; 173, (a*2), 3; 160, (259), 1; 112 (2107) 1; 100, (2199), 4
[M 1 H 1 (CH3)2CO 2 H2O]
1 (219)e 201, (2H2O), 100; 173, (a*2), 3; 160, (259), 1; 116, [2NHCH(CH2SH)CO], 1; 112
(2107) 2; 100, (2119), 3
GGC [M 1 H]1 (236) 218, (2H2O), 100; 122, (y1) 23; 115, (b2), 22
[M 1 H 1 (CH3)2CO 2 H2O]
1 (276)d 258, (2H2O), 39, 219, (y*2), 12; 214, (262) 3; 210, (275), 2; 173,
[2NHCH(CH2SH)CO], 7; 155, (b*2), 100; 127, (a*2), 28; 98, (b*1), 3
[M 1 H 1 (CH3)2CO 2 H2O]
1 (276)e 258, (2H2O), 35, 219, (y*2), 10; 214, (262) 3; 210, (275), 2; 173,
[2NHCH(CH2SH)CO], 7; 155, (b*2), 100; 127, (a*2), 19; 98, (b*1), 3
GCG [M 1 H]1 (236) 218, (2H2O), 44; 161, (b2) 100; 133, (a2), 1; 76 (y1), 1
[M 1 H 1 (CH3)2CO 2 H2O]
1 (276)d 258, (2H2O), 46, 241, (2NH3, CO), 14; 219, (y*2), 1; 201, (b*2), 100; 173, (a*2), 17;
112, (2164), 9; 98, (b*1), 1
[M 1 H 1 (CH3)2CO 2 H2O]
1 (276)e 258, (2H2O), 67, 241, (2NH3, CO), 16; 219, (y*2), 1; 201, (b*2), 100; 173, (a*2), 10;
112, (2164), 8; 98, (b*1), 1
aOnly those ions observed at greater than 1% relative abundance are shown.
bAn asterisk indicates the addition of 40 Da to each product ion.
cOnly those [M 1 H 1 (CH3)2CO 2 H2O]
1 ions observed at greater than 5% relative abundance in Table 1 were selected for MS/MS.
dFormed by gas phase ion–molecule reaction.
eSchiff’s base adduct formed in solution.
Scheme 4
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tion of 40 Da (i.e., y1 from G2 and y2 from G3) are of
interest because they raise the question of whether these
arise from direct nucleophilic attack of the amide nitro-
gen to the protonated ketone (Scheme 6) or whether
they are formed in a rearrangement reaction from the
initially formed N-terminal Schiff’s base adduct
(Scheme 7). A key observation supporting the rear-
rangement reaction (Scheme 7) is the fact that the
MS/MS spectra of both the gas phase and the solution
phase products are identical (compare Figure 3A, B and
data in Table 2). Note that the key intermediate (F) in
the rearrangement reaction corresponds to the proton-
ated form of an imidazolidinone [recall that these can be
isolated in solution (cf. eq 2)].
Thus, the open chain protonated Schiff’s base spe-
cies, the enamine formed by mobilization of the ioniz-
ing proton, as well as the cyclic protonated imidazolidi-
none, may all be considered to be involved in the
fragmentation reactions of the [M 1 H 1 (CH3)2CO 2
H2O]
1 ions under MS/MS conditions.
The reactivity and fragmentation reactions of the
[M 1 H]1 ions of several other simple alanine and
cysteine containing peptides were also examined. These
results, summarized in Tables 1 and 2, generally follow
the trends observed for the glycine containing peptides
described above. The reactivity of the dipeptides GA
and GC toward acetone was found to produce primar-
ily the collision stabilized adduct ion [M 1 H 1
(CH3)2CO]
1 (see Table 1). In each case, some loss of
water from the [M 1 H 1 (CH3)2CO]
1 ion to form the
[M 1 H 1 (CH3)2CO 2 H2O]
1 adduct was observed.
The degree of water loss was found to decrease with
increasing proton affinity of the peptide. The reactivity
of the tripeptides A3, GGC, and GCG toward acetone
was also examined. Here, the primary product ion was
that of the [M 1 H 1 (CH3)2CO 2 H2O]
1 adduct (see
Table 1). Once again, the reactivity of the [M 1 H]1
ions with acetone decreased as the proton affinity of the
peptide increased. CID MS/MS of the di- and tripeptide
[M 1 H 1 (CH3)2CO 2 H2O]
1 ions (Table 2) resulted
in dominant b- and a-type product ion series as outlined
above for the glycine containing peptides, as well as the
yn21 sequence ion in each case.
Examining Potential Structures for the b1 Ion
Formed from MS/MS of the [M 1 H 1
(CH3)2CO 2 H2O]
1 Ions Via Ab Initio
Calculations
It is a well established phenomena that b1 ions are
rarely observed in the MS/MS spectra of [M 1 H]1
peptide ions [37]. Ab initio calculations on the simplest
system, the b1 ion of glycine, indicate that it is not an
acylium ion [H2NCH2CO]
1, but instead a weakly
bound ion–molecule complex between the immonium
ion [H2NCH2]
1 and CO [37a]. Harrison has proposed
that the reason b2 ions are stable is that the neighboring
Scheme 5
Figure 4. MS/MS spectra of the [M 1 H 1 (CD3)2CO 2 H2O]
1
ions of (A) G2 and (B) G3 formed via gas phase ion–molecule
reactions with D6-acetone. Reaction time 5 10 s.
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carbonyl oxygen reacts intramolecularly to form a sta-
ble cyclic oxazolone [37b, c]. Thus it is of interest to
determine why b1 ions were observed in the MS/MS
spectra of the [M 1 H 1 (CH3)2CO 2 H2O]
1 ions
studied here. Two scenarios may operate for the forma-
tion of these b1 ions (within the concept of the mobile
proton model). As shown in Scheme 8, proton transfer
from the nitrogen gives the imine, which can fragment
to yield the conventional acylium ion (G), or fragment
to yield the aziridinone ion (H) following a neighboring
group participation reaction involving the nitrogen.
Alternatively, proton transfer from the carbon would
yield the enamine, which could then fragment to give
the conventional acylium ion (I), or following proton
transfer and neighboring group participation reactions
involving either the alkene or nitrogen, respectively,
yield the cyclic pyrrolinone ions (J) or (K), or the
aziridinones (L) or (M). Although we have indirect
evidence that mechanism(s) via path B of Scheme 8 (i.e.,
the enamine) can operate from the deuterated acetone
experiments, we were interested in determining the
relative gas phase stabilities of the potential product
ions (G)–(M). To this end we have carried out ab initio
calculations at the MP2(fc)/6-31G*//HF/6-31G* level
of theory on each of these potential product ions. An
examination of these results reveals a number of inter-
esting points. The acylium ion (I) is not stable and
dissociates to form a stable ion–molecule complex be-
tween an immonium ion and CO. All of the other
potential product ions (Figure 5 and Table 3) corre-
spond to minima on the potential energy surface and
have stabilities relative to (J) in the order: (J) .. (K)
(134.0 kcal mol21) . (G) (139.7 kcal mol21) . (H)
(145.0 kcal mol21) . (L) (158.5 kcal mol21) . (M)
(162.1 kcal mol21). Thus, the 5 membered pyrrolinone
Scheme 6
Scheme 7
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is predicted to be substantially more stable than the 3
membered aziridinone. Additionally, N-protonation
rather than CO-protonation is predicted to be signifi-
cantly preferred in both cases.
These results show that the cyclic products resulting
from neighboring group reactions involving peptide
bond cleavage are more stable than their isomeric
acyclic products and thus reinforce the idea that neigh-
boring group participation reactions play an important
role in the fragmentation reactions of peptide [M 1 H]1
Scheme 8
Figure 5. HF/6-31G* optimized geometries of the potential b1 product ions (G), (H), and (J–M).
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ions and their derivatives [37d]. Note the analogy
between our proposed mechanism for the formation of
the b1 ion (Scheme 9), Harrison’s mechanism for the
formation on bn ions [37b, c], and Gaskell’s N-terminal
thiazolidinone [13].
Conclusions
The ability to perform gas phase ion–molecule reactions
in the LCQ ion trap mass spectrometer provides an
extremely useful complementary adjunct to traditional
CID based methods in the analysis of gas phase ions.
We have demonstrated that gas phase reactions of
peptide [M 1 H]1 ions with acetone yields protonated
Schiff’s base adducts, which can then be analyzed via
MS/MS techniques. The structure and mechanisms for
the formation of this adduct have been examined via
the use of CID MS/MS, isotopic labeling, and by
comparison with the reactions of Schiff’s base adducts
formed in solution. The immonium ion precursor ini-
tially formed, fragments primarily to yield N-terminally
directed a- and b-type sequence ions, either by dissoci-
ation of the immonium ion or by rearrangement to an
enamine followed by dissociation. Potential structures
of the b1 ion, not usually observed in the product ion
spectra of protonated peptide ions, were examined
using ab initio calculations. A cyclic 5 membered pyr-
rolinone, formed by a neighboring group participation
reaction from the enamine precursor was predicted to
be the primary product. The MS/MS product ion spec-
tra of these Schiff’s base adduct ions are complementary
to those of [M 1 H]1 ions of peptides, which generally
yield y- and b-type sequence ions. Further work is being
carried out to determine the general utility of Schiff’s
base adduct ions in peptide sequencing applications via
MS/MS.
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